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Abstract: Neutrino mass hierarchy, CP-violation, and octant of 23 are the fundamental
unknowns in neutrino oscillations. In order to address all these three unknowns, we study
the physics reach of a setup, where we replace the antineutrino run of T2HK with antineu-
trinos from muon decay at rest (-DAR). This approach has the advantages of having
higher statistics in both neutrino and antineutrino modes, and lower beam-on backgrounds
for antineutrino run with reduced systematics. We nd that a hybrid setup consisting of
T2HK () and -DAR () in conjunction with full exposure from T2K and NOA can
resolve the issue of mass hierarchy at greater than 3C.L. irrespective of the choices of
hierarchy, CP, and 23. This hybrid setup can also establish the CP-violation at 5C.L.
for  55% choices of CP, whereas the same for conventional T2HK ( + ) setup along
with T2K and NOA is around 30%. As far as the octant of 23 is concerned, this hybrid
setup can exclude the wrong octant at 5C.L. if 23 is at least 3
 away from maximal
mixing for any CP.
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1 Introduction and motivation
The remarkable discovery of the Higgs boson at the Large Hadron Collider [1, 2] marked
the conrmation of the last missing piece of the Standard Model (SM) of particle physics.
The SM explains most of the observed fundamental phenomena in particle physics with
unprecedented precision. However, there are strong reasons to suspect that this model is not
a complete description of Nature. For instance, in the simplest form of the SM, neutrinos
are massless fermions. On the other hand, the discovery of neutrino avor oscillations by
the Super-Kamiokande, SNO, and KamLAND experiments [3{5] implies that neutrinos
have mass and they mix with each other, providing an evidence for physics beyond the
SM. Several dierent models extending the SM have been suggested in the literature
to explain the non-zero neutrino mass and mixing (for recent reviews, see [6{9]). High-
precision measurements of the neutrino oscillation parameters can have a major impact
on these models and can exclude a large subset of the parameter space of these models,
providing crucial guidance towards our understanding of the physics of neutrino masses
and mixing [6, 10{14].
In the three-avor scheme, neutrino oscillation probabilities depend on six fundamental
parameters. These are the mixing angles 12, 13, 23, the CP-violating phase CP, and
the mass-squared dierences m221 and m
2
31 (m
2
ij = m
2
i   m2j ). According to the
recent global t of world neutrino data [15], the solar parameters sin2 12 and m
2
21 are
known with a relative 1 precision1 of 5.8% and 2.3% respectively. The reactor angle
sin2 13 has been measured very accurately with a precision of 4%. As far as the 2{3
1Here, 1 accuracy is dened as 1/6 of the 3 range.
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mixing angle is concerned, the 3 allowed range of sin2 23 is 0:381{0:626, which suggests
that 23 can be maximal or non-maximal.
2 At present, the 3 allowed range for jm231j is
2:44610 3 eV2 ! 2:68610 5 eV2. The atmospheric mass splitting is allowed to be either
positive (known as normal hierarchy or NH) or negative (labeled as inverted hierarchy or
IH) by the present oscillation data. According to ref. [15], the current oscillation data show
an overall preference for NH with respect to IH at the level of  2, which mainly stems
from the Super-Kamiokande atmospheric data. The complementarity among the various
data sets provided by the accelerator and reactor experiments has already enabled us to
probe the parameter space for the CP phase [15, 16]. Currently, we have a hint in favor
of CP around  90 and this trend is getting strengthened day by day. Also, the values of
CP phase around CP ' 90 (in the range  30 to 135) are disfavored at more than 3
condence level.
If in Nature, hierarchy is normal and CP is around  90, then the combined data from
the presently running o-axis e appearance experiments, T2K [17, 18] and NOA [19{21],
can exclude the possibility of CP being 0
 and 180 (CP-conserving choices) at  2:5C.L.
assuming 23 to be maximal [22{29]. Under the same conditions, these experiments can
reject the wrong hierarchy at  3:4 condence level. These experiments can also resolve
the octant of 23 at 2C.L. provided sin
2 23  0:44 or  0:57 [30, 31]. Hence, future
facilities consisting of intense high-power beams and large smart detectors are inevitable
to resolve these fundamental unknowns at high condence level [32].
The proposed long-baseline neutrino experiment using the Hyper-Kamiokande detector
and a powerful neutrino beam from the J-PARC proton synchrotron (commonly known as
T2HK experiment) is one of the major candidates in the future neutrino road-map to attain
the discovery for the above mentioned issues [33{42]. This superbeam facility heavily relies
on the data from both  ! e and  ! e channels to measure CP-violation3 (CPV).
However, dealing with the antineutrino run is very challenging for the following reasons.
The antineutrino ux is lower compared to the neutrino ux, since the production rate of
  is less than for +. The charged current (CC) cross-section for antineutrino is lower
than for neutrino. These two factors cause a substantial depletion in the event rate for
antineutrinos [43]. Due to the larger contamination from wrong sign pions, the background
event rates are higher in case of antineutrino run and the systematic uncertainties are also
expected to be larger [36].
An elegant way of tackling this issue is to replace the antineutrino run of the superbeam
experiment with the antineutrinos from muon decay at rest (-DAR) [43{45]. In a stopped
pion source, the low energy protons of a few GeV energy are bombarded on a target to
produce both + and  . Then, with the help of a high-Z beam stop, these pions are
brought to rest. The high-Z nuclei help to capture the parent   and also the daughter
 . The positively charged pions undergo the following cascade of decays at rest to produce
2In case of non-maximal 23, it can have two solutions: one < 45
, termed as lower octant (LO), and
other > 45, denoted as higher octant (HO).
3If CP diers from both 0
 and 180.
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, , and e:
+ ! + + 
j! e+ + e +  :
Due to oscillation,  can transform into e and these low energy electron antineutrinos
can be eciently detected and uniquely identied with the help of well known inverse beta
decay (IBD4) process in a water Cerenkov detector.
The idea of combining a high energy  beam from long-baseline superbeam facility
with a low energy  beam from short-baseline -DAR setup to measure 13, mass hierarchy,
and leptonic CPV was rst proposed in ref. [43]. The physics reach of similar setups5 to
measure CP was presented in refs. [44, 45]. In this work, we explore the physics reach of a
setup, where we replace the antineutrino run of T2HK, with antineutrinos from muon decay
at rest (-DAR). This setup has the benets of having higher signal event rates in both
neutrino and antineutrino channels, and less beam-on backgrounds for antineutrino signal
events with reduced systematic uncertainties. We nd that a hybrid setup consisting of
neutrino run from T2HK and antineutrino run from -DAR in combination with full data
sets provided by the T2K and NOA experiments can resolve all the three fundamental
unknowns, namely, the neutrino mass hierarchy, leptonic CPV, and octant degeneracy of
23 at high condence level.
This paper is organized as follows. We describe the experimental setups that we have
considered in section 2. In section 3, we discuss the parameter degeneracies and show how
the combination of neutrino run from T2HK and antineutrino run from -DAR can elevate
them at the probability and event levels. This is followed by the details of our analysis in
section 4. In section 5, we show the results of our simulation and discuss the features of
our ndings before summarizing in section 6.
2 Description of experimental setups
T2K is a long-baseline experiment with the source of neutrinos at J-PARC in Tokai. The
detector is a 22.5 kt water Cerenkov detector at Kamioka, 295 km away from the source.
The total beam exposure is 7:8  1021 pot (protons on target) which is equally shared
among neutrino and antineutrino modes. We use the same conguration of T2K as used in
ref. [22]. We have taken an uncorrelated 2% (0.1%) overall normalization error on signal
and 5% (0.1%) overall normalization error on background corresponding to appearance
(disappearance) channel. The systematic errors for neutrinos and antineutrinos are same.
For T2HK, we use the conguration as described in ref. [34]. We have considered a
560 kt water Cerenkov detector with a total beam strength of 15:61021 pot either running
4At energies below 100 MeV, the IBD cross-section is very high and also well measured. Another im-
portant feature of this process is that it provides a very useful delayed coincidence tag between the prompt
positron and the delayed neutrino capture.
5An entirely -DAR based experiment was considered to measure leptonic CPV in ref. [46].
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in pure neutrino mode or running in equal neutrino-antineutrino mode.6 The systematic
errors for T2HK is 3.3% for neutrino mode for both appearance and disappearance channels
and 6.2% (4.5%) for appearance (disappearance) channel in antineutrino mode. Systematic
errors for signal and background are same. In our analysis, we assume that the total runs
of T2HK will be completed in twelve years and the -DAR setup will be build after the
rst six years of operation of T2HK. Thus, the runtime of the -DAR setup is taken to be
six years. While -DAR is running, we assume that the J-PARC beam continues to run in
neutrino mode, thus doubling the neutrino exposure.
For DAR, we consider exactly the same conguration as described in ref. [45]. A six
year run of -DAR is considered which corresponds to a total integrated 1:1  1025 pot.
The -DAR accelerator complex is assumed to be located at a distance of 15 km from the
Super-Kamiokande (SK) detector and 23 km from the Hyper-Kamiokande (HK) detector.
The main beam-o backgrounds for the -DAR setup are invisible muons7 and atmospheric
IBD events. We have incorporated these backgrounds in our analysis following ref. [45].
A neutrino oscillation experiment with a -DAR source has much lower systematic errors,
since the ux of neutrinos is exactly known from kinematics and the IBD cross-section
is well measured in the MeV range. Here, we assume the systematic errors to be 5%
for both signal and background. Energy resolution for this set up is taken as E=E =
40% (60%)=
p
E=MeV for the SK (HK) detector.
We also consider the prospective data from NOA experiment. NOA uses the NuMI
beam at Fermilab with 6 1020 pot/year. We have considered 3 years running in neutrino
mode and 3 years running in antineutrino mode. The detector is a 14 kt liquid scintillator
detector located 810 km away. We have taken a systematic error of 5% (2.5%) for appear-
ance (disappearance) channel corresponding to signal and 10% for both appearance and
disappearance channels in case of background. The systematics error for neutrinos and
antineutrinos are same. Ref. [24] gives the detailed experimental specications for NOA
that we have used in our simulation. The experimental specications of all these setups
are summarized in table 1.
3 Discussion at the probability and event levels
The  ! e oscillation channel is sensitive to all the unknown oscillation parameters.
The superbeam experiments T2K, NOA, T2HK, DUNE, etc. make use of this channel to
determine these parameters. In the presence of matter and keeping terms only up to second
order in the small quantities  = m221=m
2
31 and sin 13, this oscillation probability can
6According to the latest report [47], the proposed detector volume for T2HK is 374 kt and total beam
exposure is 27  1021 pot. Thus, if we compare the exposures in terms of (kt pot), then we see that
exposures of both these congurations dier only by a factor of 1.2.
7The CC interactions of atmospheric muon neutrinos give rise to muons inside the detector. The muons
which are below the Cerenkov threshold will not be visible inside the SK and HK detectors and from their
decay, we will have electrons or positrons inside the detectors which will constitute the invisible muon
background.
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Experiment Detector
mass (kt)
Baseline
(km)
Total pot Systematic errors
Conventional
T2HK
560 295 7:8 1021 ()
+ 7:8 1021 ()
: 3.3% for app and disap,
: 6.2% (4.5%) for app (disap).
Errors are same for sg and bg.
T2HK
with -DAR
560 295 15:6 1021 (),
No 
Same as above for .
-DAR 22.5 (SK)
+ 560 (HK)
15 (SK)
+ 23 (HK)
1:1 1025 ()
(same for both
SK and HK)
5% for both sg and bg (same for
both SK and HK).
T2K 22.5 295 3:9 1021 ()
+ 3:9 1021 ()
sg: 2% (0.1%) for app (disap),
bg: 5% (0.1%) for app (disap).
Errors are same for  and .
NOA 14 810 1:8 1021 ()
+ 1:8 1021 ()
sg: 5% (2.5%) for app (disap),
bg: 10% (10%) for app (disap).
Errors are same for  and .
Table 1. Summary of experimental details assumed in our simulations. Where app = ap-
pearance channel, disap = disappearance channel, = neutrino, = antineutrino, sg = signal and
bg = background.
be expressed as [48{51]:
P ( ! e) = Pe = sin2 213 sin2 23 sin
2[(1 A^)]
(1 A^)2
+  cos 13 sin 212 sin 213 sin 223 cos( + CP)
sin(A^)
A^
sin[(1 A^)]
(1 A^)
+ 2 sin2 212 cos
2 13 cos
2 23
sin2(A^)
A^2
: (3.1)
In the above equation,  = m231L=4E and A^ = A=m
2
31, where A = 2
p
2GFNeE is
the matter potential expressed in terms of the electron number density inside the Earth,
Ne, E is the neutrino energy, and L is the baseline. The vacuum oscillation probability
which is applicable when neutrinos travel through very little or no matter (as in the case
of very-short-baselines) can be obtained by taking the limit A! 0.
Eq. (3.1) is very useful to understand the various features of neutrino oscillations,
especially the parameter degeneracies, and the resulting sensitivity of the experiments.
For the purposes of this discussion, we neglect the term proportional to 2, since it is very
small. Under a ip of the mass hierarchy, both  and A^ change their sign. Going from one
octant to another aects the sin2 23 term but not the sin
2 223 term. Finally, the eect
of CP is only felt through the term cos( + CP). As a direct consequence, we nd that
the oscillation probability for NH and CP = +90
 can be matched by the probability for
IH and CP =  90, leading to a degeneracy. The other two combinations are free of this
hierarchy-CP degeneracy. Now, going from neutrino to antineutrino oscillations changes
the sign of both A^ and CP. Even if one looks at the antineutrino probability, the same
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Figure 1. Pe bi-probability plots, with neutrinos at T2HK on the x-axis and antineutrinos from
T2HK (-DAR) on the y-axis in the left (right) panel.
degeneracy remains. Therefore, one does not expect this degeneracy to be lifted by the
addition of antineutrino data [23, 24]. Similarly, the probability for NH and LO and can be
matched by IH and HO, leading to a degeneracy in the octant measurement. However for
antineutrinos, the degeneracy is opposite. Thus a combination of neutrino and antineutrino
data can lift the octant degeneracy [30].
In gure 1, we show the eect of degeneracy using the bi-probability plots. In the
left panel, for the relevant baseline and peak energy of T2HK, we have the neutrino (an-
tineutrino) probability on the x- (y-) axis. All four combinations of the hierarchy and
octant | NH-LO, NH-HO, IH-LO and IH-HO are considered. Here, NH (IH) corresponds
to m231 = +( )2:4  10 3 eV2 and for LO (HO), we consider 23 = 42(48). As CP
varies over its full range, the plot gives rise to an ellipse in this plane. It is easy to see the
hierarchy-CP degeneracy from the overlap of NH and IH ellipses. As the overlap points
correspond to same value in both neutrino and antineutrino probabilities, adding antineu-
trino information from T2HK itself cannot resolve this degeneracy. If we use information
from one of the channels between neutrino and antineutrino, then the octant degeneracy
arises into the picture. Since, we have informations from both neutrino and antineutrino
channels, we can exclude the wrong octant irrespective of the choice of hierarchy [30, 52{
54]. In the right panel of gure 1, we have replaced the antineutrino probability of T2HK
with that of -DAR setup with the relevant baseline and energy.8 The overlap between
NH and IH ellipses for a given octant is less visible in the right panel as compared to the
left panel. It happens due to the following reasons. First of all, the L=E informations are
dierent in -DAR () and T2HK () setups. Secondly, the CP dependency for antineutri-
nos in -DAR is dierent as compared to neutrinos in T2HK. When we combine these two
8There are two relevant baselines for the -DAR setup | 15 km and 23 km. We have chosen the latter
baseline in the plot since it corresponds to the HK detector which drives the physics sensitivity by virtue
of higher statistics.
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Figure 2. e appearance bi-event plots, with neutrinos at T2HK on the x-axis and antineutrinos
from T2HK (-DAR) on the y-axis in the left (right) panel. Note that in the hybrid setup, antineu-
trinos are provided by the -DAR source and the full J-PARC beam is run in the neutrino mode.
That is why the neutrino events in the right panel are double those in the left panel.
setups, this fact helps to tackle the hierarchy-CP degeneracy. But, it is also important to
note that the ellipses corresponding to NH-LO and IH-HO combinations are closer in the
right panel as compared to the left panel. Thus, we expect that the capability of T2HK ()
+ -DAR () to resolve these hierarchy-octant solutions will be worse than conventional
T2HK ( + ).
Figure 2 is similar to gure 1, but at the level of (total) electron/positron appearance
event rates. Once again in the left panel, we see the eect of hierarchy-CP degeneracy for
conventional T2HK. In the right panel, once we replace the antineutrinos of T2HK with
antineutrinos from -DAR, we nd that this degeneracy gets lifted. Note that the scales on
the axes in the left and right panels are dierent. Due to the choice of short baseline and
dominant IBD cross section at low energies, the antineutrino event rates are quite high for
-DAR. Moreover, since T2HK does not need to run in antineutrino mode, it can run in
the neutrino mode for the entire period, doubling the neutrino event rate. Consequently,
the separation between the ellipses is more for T2HK+-DAR setup.
4 Description of numerical analysis
For our numerical analysis, we use the GLoBES package [55, 56] along with its associated
data les [57, 58]. GLoBES9 calculates the simulated `true' event rates and the theoretically
expected `test' event rates to perform a 2 analysis. It takes into account the statistical
2 and includes the eect of systematics as well as priors on the parameter values. In our
analysis we keep 12 (sin
2 12 = 0:312), 13 (sin
2 213 = 0:085), m
2
21 (= 7:5  10 5 eV2)
and jm231j (= 0:0024 eV2) xed in both the true and test spectra. This is because the
9GLoBES estimates the median sensitivity of the experiment without including statistical uctuations.
Thus, what we refer to as 2 in this work corresponds to 2 in statistical terminology.
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variation of these parameters in their currently allowed range does not aect our results
much. Thus, the only relevant neutrino oscillation parameters in our analysis are 23
and CP.
Since the value of CP in Nature is unknown, a good experimental setup must have
the capability to determine the unknown parameters for any possible true value of CP.
That is why, most of our results are shown as a function of true CP. In order to generate
these results, we choose a specic value for true 23 and CP. These two parameters are
allowed to vary in the test range, and the relevant 2 is evaluated between the true and
test spectra. The minimum 2 over the whole range of test parameters is found. This
process is then repeated for another value of true CP and the corresponding minimum 
2
is evaluated. In this manner, we construct the plot of 2 as a function of true CP.
5 Our ndings
In this section, we discuss the results of our numerical simulations. We have evaluated the
sensitivity of our experimental setups towards determining the neutrino mass hierarchy,
detecting CPV and determining the octant of 23. The discussion in the following three
subsections highlight our ndings.
5.1 Hierarchy discrimination
In this subsection, we discuss our results for determining the neutrino mass hierarchy.
Figure 3 shows the 2 for excluding the wrong hierarchy as a function of true CP. We
assume the true hierarchy to be NH (IH) in the upper (lower) row. The true value of
23 is taken to be 42
=45=48 in the left/middle/right column, while the test value of 23
is allowed to vary in its full 3 range. In each panel, we see that T2K+T2HK (violet,
solid line) has good sensitivity in the favourable region of CP, depending on the hierarchy.
In fact for the the combination of CP =  90 and NH which has been hinted at by
recent T2K and NOA results [59, 60], this setup can achieve well over 5 exclusion of the
wrong hierarchy.10 Including data from NOA (blue, dashed line) improves the sensitivity
further. Now, if we replace the antineutrino run of T2HK with -DAR (green, dotted line),
the following interesting features arise. In the unfavourable range of CP, -DAR helps to
lift the parameter degeneracy, which brings about an improvement in hierarchy exclusion.
This is because the degenerate regions in hierarchy-CP space for -DAR are dierent from
those of T2HK, giving rise to a synergy between these experiments. Figure 3 shows that
for the true fhierarchy, CP, 23g-combinations of fNH,  90, 42g and fIH, 90, 48g,
the hierarchy sensitivity is aected due to the octant degeneracy. The antineutrino run
of -DAR is not sucient to lift this degeneracy and therefore the sensitivity is lowered.
Adding information from NOA (red, dot-dashed line) increases the sensitivity further.
Finally, in all the panels, the hierarchy sensitivity for the hybrid setup, T2HK()+-
DAR()+T2K+NOA is seen to be greater than 3 irrespective of the true choices of
hierarchy, CP and 23.
10Here we use the `conventional' terminology n for statistical signicance, where n =
p
2. For a detailed
discussion on the statistical interpretation of oscillation experiments, we refer the reader to refs. [61{64].
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Figure 3. Exclusion of the wrong hierarchy, as a function of true CP. The true hierarchy is NH (IH)
in the upper (lower) row. The true value of 23 is taken to be 42
=45=48 in the left/middle/right
column. We assume that the octant is unknown, i.e. the test value of 23 varies in both octants.
In order to explore the eect of octant degeneracy on our hierarchy results, we show
in gure 4 the hierarchy exclusion results assuming the octant of 23 is known. The two
panels in this gure correspond to the true combinations NH-LO and IH-HO. Since the
octant is assumed to be known, the test value of 23 is only varied in the corresponding
octant. Since the octant degeneracy is no longer relevant, we see that our hybrid setup
T2HK()+-DAR()+T2K+NOA gives better results than T2K+T2HK, as expected.
5.2 CP-violation discovery
Next, we discuss the CPV discovery sensitivity of the setups. In gure 5, we show the
ability of the various setups to detect CPV in the neutrino sector. CP symmetry is said
to be violated if the true value of CP in Nature is dierent from 0
 and 180. Thus,
the sensitivity of these setups is evaluated for various values of true CP in the range
[ 180; 180), while the test values of CP are 0 and 180. We select the minimum 2
out of these two test choices. The six panels of this gure correspond to the same true
hierarchy and 23 values as in gure 3.
Once again, we see that depending on the true hierarchy, there are favourable and
unfavourable regions of CP for all the setups. Comparing the purple (solid) and green
(dashed) lines, we can clearly see a substantial improvement in the sensitivity when the
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Figure 4. Exclusion of the wrong hierarchy, as a function of true CP. The true hierarchy and 23
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ed in the panels. We assume that the octant is known, i.e. the test value of 23 is varied
within the same octant as the true value.
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Figure 5. Exclusion of the CP conserving cases CP = 0
 and CP = 180, as a function of true
CP. The true hierarchy is NH (IH) in the upper (lower) row. The true value of 23 is taken to be
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{ 10 {
J
H
E
P
0
5
(
2
0
1
7
)
1
1
5
antineutrino run of T2HK is replaced by antineutrinos from -DAR, and the entire runtime
of T2HK is dedicated to the neutrino run. This holds for all possible combinations11 of
the true hierarchy, octant and CP. This improvement mainly stems from the following
reasons: (a) the neutrino statistics for T2HK() combined with antineutrinos from -DAR
is twice compared to stand-alone T2HK( + ) setup, (b) the antineutrino event rate for
-DAR is larger compared to antineutrinos coming from the T2HK( + ) setup, (c) the
antineutrinos from -DAR are essentially free from any beam-related background, whereas
the antineutrino beam in T2HK has substantial intrinsic beam contamination coming from
wrong-sign mesons, and (d) for energies below 100 MeV, IBD provides the largest cross-
section and comes with a useful delayed coincidence tag between the prompt positron
and delayed neutron capture which helps in identifying e cleanly with high background
rejection eciency. Thus, antineutrinos from -DAR along with neutrinos from T2HK help
to increase the fraction of CP values for which CPV can be detected at a given condence
level. Comparing the green (dotted) and red (dot-dashed) lines in gure 5, we see that
adding NOA as a part of the hybrid setup doesn't help much due to its low statistics
compared to T2HK.
5.3 Resolution of 23 octant
Finally, we discuss the ability of our setups to determine the octant of 23. In gure 6,
we show the octant sensitivity as a function of the true value of CP considering four
dierent true hierarchy-23 combinations. Here, since we are interested in excluding the
wrong octant, the test value of 23 is varied only in the opposite octant compared to
the true choice. We vary test CP freely throughout its entire range, and also consider
both hierarchies in the test spectrum, i.e. we assume that the hierarchy is unknown in
the t. For true NH-HO (top right panel) and IH-LO (bottom left panel), replacing the
antineutrino run of T2HK (purple, solid line) by antineutrinos from -DAR (green, dotted
line) increases the 2 for octant determination. Addition of data from NOA helps to
improve the situation further, as in the case of the hybrid setup (red, dot-dashed line).
But the situation is quite dierent in the top left and bottom right panels. In these
panels, the hierarchy-CP-octant degeneracy crops up in the picture, as discussed in sec-
tion 3 and antineutrinos from the -DAR source do not have enough matter eect to lift
this degeneracy by determining the correct hierarchy. If we x the hierarchy in the t,
this deterioration in the sensitivity does not occur, as demonstrated in gure 7 for the un-
favourable hierarchy-octant combinations. Once again, the hybrid setup (red, dot-dashed
line) is seen to outperform all the other setups if the hierarchy is known.
Now, it would be interesting to see how the octant sensitivity of these setups varies with
the dierent true choices of 23. We present these results in gure 8 assuming CP true =
 90, which is close to the best-t value as hinted by present world neutrino data [15, 16].
If the hierarchy is unknown (known), the top (bottom) panels of this gure portray the
range of true 23 for which the wrong octant can be excluded at a given condence level.
11Note that unlike hierarchy and octant, CP sensitivity does not require matter eects. The lack of
matter eect for the -DAR setup along with its intrinsic sensitivity to CP helps in measuring CPV.
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Figure 6. Exclusion of the wrong octant, as a function of true CP. The true hierarchy is NH (IH)
in the top (bottom) row. The true value of 23 is taken to be 42
 (48) in the left (right) column.
The true hierarchy is NH (IH) in the left (right) column. In all four panels, we assume that the
hierarchy is unknown, i.e. the test hierarchy can be either NH or IH.
All the four panels suggest that these setups can resolve the octant of 23 at 5 condence
level as long as true 23 is at least 3
 away from maximal mixing. Again, the bottom
panels conrm the fact that if the hierarchy is known, the hybrid setup provides the best
octant sensitivity for all the true choices of true 23. Note, we have explicitly checked that
at 5C.L., the ranges of true 23 for which the octant can be resolved remain almost the
same for various possible choices of true CP.
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Figure 7. Exclusion of the wrong octant, as a function of true CP. The true hierarchy and 23
are specied in the panels. In both panels, we assume that the hierarchy is known, i.e. the test and
true hierarchies are the same.
6 Conclusions and outlook
We can explain all the current neutrino data12 quite successfully in terms of three-avor
neutrino oscillations and can identify the remaining fundamental unknowns, in particular,
the type of the neutrino mass hierarchy, the possible presence of a CP-violating phase,
and octant ambiguity of 2{3 mixing angle. In this paper, we have shown that a combi-
nation of low energy  from muon decay at rest (-DAR) facility and high energy 
from T2HK superbeam experiment observed at the same Hyper-Kamiokande detector can
address all these three pressing issues at high condence level. This novel idea of replacing
the antineutrino run of T2HK with antineutrinos from -DAR yields higher statistics in
both neutrino and antineutrino modes, reduces the beam-on backgrounds for antineutrino
events signicantly, and also curtails the systematic uncertainties. The low energy muon
antineutrinos from short-baseline -DAR setup oscillate into electron antineutrinos which
can be eciently detected and uniquely identied using the dominant and well known IBD
process in water Cerenkov detector.
Our simulation shows that a hybrid setup consisting of T2HK () and -DAR () in
conjunction with full exposure from T2K and NOA can settle the issue of mass hierarchy
at greater than 3C.L. irrespective of the choices of hierarchy, CP, and 23. This hybrid
setup provides a vastly improved discovery reach for CPV. Using this hybrid setup, we
can conrm the CPV at 5C.L. for almost 55% choices of true CP assuming true NH and
maximal mixing for true 23, whereas the same for conventional T2HK (+ ) setup along
12We have obtained few anomalous results at very-short-baseline experiments which seem to point to-
wards high m2  0:1{10 eV2 oscillations, involving a hypothetical fourth mass eigenstate, which must be
essentially sterile without having any coupling to W and Z bosons [65{68].
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Figure 8. Exclusion of the wrong octant, as a function of true 23, for CP =  90. The true
hierarchy is NH (IH) in the left (right) column. We assume that the hierarchy is unknown (known)
in the top (bottom) panels.
with T2K and NOA is around 30%. The octant resolution capability of this hybrid setup
is also quite good. This hybrid setup can reject the wrong octant at 5C.L. if 23 is at least
3 away from maximal mixing for any CP. However, the practicality of this hybrid setup
relies critically on the ongoing feasibility study of low-cost, high-intensity stopped pion
sources. We hope that the results presented in this paper in favor of this hybrid setup will
boost these R&D activities and play an important role in optimizing the conguration of
the proposed T2HK experiment to have the best possible sensitivity towards determining
all the remaining unknown neutrino oscillation parameters.
{ 14 {
J
H
E
P
0
5
(
2
0
1
7
)
1
1
5
Acknowledgments
S.K.A. is supported by the DST/INSPIRE Research Grant [IFA-PH-12], Department of
Science & Technology, India. The work of M.G. is supported by the Grant-in-Aid for
Scientic Research of the Ministry of Education, Science and Culture, Japan, under Grant
No. 25105009. S.K.R. acknowledges support by IBS under the project code IBS-R018-D1.
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
References
[1] ATLAS collaboration, Observation of a new particle in the search for the standard model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].
[2] CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [INSPIRE].
[3] Super-Kamiokande collaboration, Y. Fukuda et al., Evidence for oscillation of
atmospheric neutrinos, Phys. Rev. Lett. 81 (1998) 1562 [hep-ex/9807003] [INSPIRE].
[4] SNO collaboration, Q.R. Ahmad et al., Direct evidence for neutrino avor transformation
from neutral current interactions in the Sudbury Neutrino Observatory,
Phys. Rev. Lett. 89 (2002) 011301 [nucl-ex/0204008] [INSPIRE].
[5] KamLAND collaboration, K. Eguchi et al., First results from KamLAND: evidence for
reactor anti-neutrino disappearance, Phys. Rev. Lett. 90 (2003) 021802 [hep-ex/0212021]
[INSPIRE].
[6] S.F. King, Unied models of neutrinos, avour and CP-violation,
Prog. Part. Nucl. Phys. 94 (2017) 217 [arXiv:1701.04413] [INSPIRE].
[7] S.F. King, Models of neutrino mass, mixing and CP-violation, J. Phys. G 42 (2015) 123001
[arXiv:1510.02091] [INSPIRE].
[8] A. de Gouve^a, Neutrino mass models, Ann. Rev. Nucl. Part. Sci. 66 (2016) 197 [INSPIRE].
[9] G. Altarelli, Status of neutrino mass and mixing, Int. J. Mod. Phys. A 29 (2014) 1444002
[arXiv:1404.3859] [INSPIRE].
[10] J. Gehrlein, A. Merle and M. Spinrath, Predictivity of neutrino mass sum rules,
Phys. Rev. D 94 (2016) 093003 [arXiv:1606.04965] [INSPIRE].
[11] I. Girardi, S.T. Petcov, A.J. Stuart and A.V. Titov, Leptonic Dirac CP-violation predictions
from residual discrete symmetries, Nucl. Phys. B 902 (2016) 1 [arXiv:1509.02502]
[INSPIRE].
[12] P. Ballett, S.F. King, C. Luhn, S. Pascoli and M.A. Schmidt, Testing solar lepton mixing sum
rules in neutrino oscillation experiments, JHEP 12 (2014) 122 [arXiv:1410.7573] [INSPIRE].
[13] I. Girardi, S.T. Petcov and A.V. Titov, Determining the Dirac CP-violation phase in the
neutrino mixing matrix from sum rules, Nucl. Phys. B 894 (2015) 733 [arXiv:1410.8056]
[INSPIRE].
[14] C.H. Albright and M.-C. Chen, Model predictions for neutrino oscillation parameters,
Phys. Rev. D 74 (2006) 113006 [hep-ph/0608137] [INSPIRE].
{ 15 {
J
H
E
P
0
5
(
2
0
1
7
)
1
1
5
[15] F. Capozzi et al., Global constraints on absolute neutrino masses and their ordering,
arXiv:1703.04471 [INSPIRE].
[16] I. Esteban, M.C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler and T. Schwetz, Updated t
to three neutrino mixing: exploring the accelerator-reactor complementarity,
JHEP 01 (2017) 087 [arXiv:1611.01514] [INSPIRE].
[17] T2K collaboration, Y. Itow et al., The JHF-Kamioka neutrino project, hep-ex/0106019
[INSPIRE].
[18] T2K collaboration, K. Abe et al., The T2K experiment,
Nucl. Instrum. Meth. A 659 (2011) 106 [arXiv:1106.1238] [INSPIRE].
[19] D. Ayres et al., Letter of intent to build an o-axis detector to study  ! e oscillations
with the NuMI neutrino beam, hep-ex/0210005 [INSPIRE].
[20] NOvA collaboration, D.S. Ayres et al., NOvA: proposal to build a 30 kiloton o-axis detector
to study  ! e oscillations in the NuMI beamline, hep-ex/0503053 [INSPIRE].
[21] NOvA collaboration, D.S. Ayres et al., The NOvA technical design report,
FERMILAB-DESIGN-2007-01 (2007) [INSPIRE].
[22] P. Huber, M. Lindner, T. Schwetz and W. Winter, First hint for CP-violation in neutrino
oscillations from upcoming superbeam and reactor experiments, JHEP 11 (2009) 044
[arXiv:0907.1896] [INSPIRE].
[23] S. Prakash, S.K. Raut and S.U. Sankar, Getting the best out of T2K and NOvA,
Phys. Rev. D 86 (2012) 033012 [arXiv:1201.6485] [INSPIRE].
[24] S.K. Agarwalla, S. Prakash, S.K. Raut and S.U. Sankar, Potential of optimized NOvA for
large 13 & combined performance with a LArTPC & T2K, JHEP 12 (2012) 075
[arXiv:1208.3644] [INSPIRE].
[25] M. Ghosh, P. Ghoshal, S. Goswami and S.K. Raut, Can atmospheric neutrino experiments
provide the rst hint of leptonic CP-violation?, Phys. Rev. D 89 (2014) 011301
[arXiv:1306.2500] [INSPIRE].
[26] P.A.N. Machado, H. Minakata, H. Nunokawa and R. Zukanovich Funchal, What can we learn
about the lepton CP phase in the next 10 years?, JHEP 05 (2014) 109 [arXiv:1307.3248]
[INSPIRE].
[27] M. Ghosh, P. Ghoshal, S. Goswami and S.K. Raut, Evidence for leptonic CP phase from
NOA, T2K and ICAL: a chronological progression, Nucl. Phys. B 884 (2014) 274
[arXiv:1401.7243] [INSPIRE].
[28] T2K collaboration, K. Abe et al., Neutrino oscillation physics potential of the T2K
experiment, Prog. Theor. Exp. Phys. 2015 (2015) 043C01 [arXiv:1409.7469] [INSPIRE].
[29] S.K. Agarwalla, S.S. Chatterjee, A. Dasgupta and A. Palazzo, Discovery potential of T2K
and NOvA in the presence of a light sterile neutrino, JHEP 02 (2016) 111
[arXiv:1601.05995] [INSPIRE].
[30] S.K. Agarwalla, S. Prakash and S.U. Sankar, Resolving the octant of 23 with T2K and
NOvA, JHEP 07 (2013) 131 [arXiv:1301.2574] [INSPIRE].
[31] A. Chatterjee, P. Ghoshal, S. Goswami and S.K. Raut, Octant sensitivity for large 13 in
atmospheric and long-baseline neutrino experiments, JHEP 06 (2013) 010
[arXiv:1302.1370] [INSPIRE].
[32] G.J. Feldman, J. Hartnell and T. Kobayashi, Long-baseline neutrino oscillation experiments,
Adv. High Energy Phys. 2013 (2013) 475749 [arXiv:1210.1778] [INSPIRE].
{ 16 {
J
H
E
P
0
5
(
2
0
1
7
)
1
1
5
[33] K. Abe et al., Letter of intent: the Hyper-Kamiokande experiment | detector design and
physics potential, arXiv:1109.3262 [INSPIRE].
[34] Hyper-Kamiokande Working Group, K. Abe et al., A long baseline neutrino oscillation
experiment using J-PARC neutrino beam and Hyper-Kamiokande, arXiv:1412.4673
[INSPIRE].
[35] P. Coloma, A. Donini, E. Fernandez-Martinez and P. Hernandez, Precision on leptonic
mixing parameters at future neutrino oscillation experiments, JHEP 06 (2012) 073
[arXiv:1203.5651] [INSPIRE].
[36] P. Coloma, P. Huber, J. Kopp and W. Winter, Systematic uncertainties in long-baseline
neutrino oscillations for large 13, Phys. Rev. D 87 (2013) 033004 [arXiv:1209.5973]
[INSPIRE].
[37] M. Blennow, P. Coloma and E. Fernandez-Martinez, Reassessing the sensitivity to leptonic
CP-violation, JHEP 03 (2015) 005 [arXiv:1407.3274] [INSPIRE].
[38] S. Fukasawa, M. Ghosh and O. Yasuda, Complementarity between Hyper-Kamiokande and
DUNE in determining neutrino oscillation parameters, Nucl. Phys. B 918 (2017) 337
[arXiv:1607.03758] [INSPIRE].
[39] P. Ballett, S.F. King, S. Pascoli, N.W. Prouse and T. Wang, Sensitivities and synergies of
DUNE and T2HK, arXiv:1612.07275 [INSPIRE].
[40] J. Liao, D. Marfatia and K. Whisnant, Nonstandard neutrino interactions at DUNE, T2HK
and T2HKK, JHEP 01 (2017) 071 [arXiv:1612.01443] [INSPIRE].
[41] M. Ghosh and O. Yasuda, Eect of systematics in T2HK, T2HKK and DUNE,
arXiv:1702.06482 [INSPIRE].
[42] S.K. Raut, T2HK and T2HKK: does more matter matter?, arXiv:1703.07136 [INSPIRE].
[43] S.K. Agarwalla, P. Huber, J.M. Link and D. Mohapatra, A new approach to anti-neutrino
running in long baseline neutrino oscillation experiments, JHEP 04 (2011) 099
[arXiv:1005.4055] [INSPIRE].
[44] J. Alonso et al., Expression of interest for a novel search for CP-violation in the neutrino
sector: DAEdALUS, arXiv:1006.0260 [INSPIRE].
[45] J. Evslin, S.-F. Ge and K. Hagiwara, The leptonic CP phase from T2(H)K and + decay at
rest, JHEP 02 (2016) 137 [arXiv:1506.05023] [INSPIRE].
[46] J.M. Conrad and M.H. Shaevitz, Multiple cyclotron method to search for CP-violation in the
neutrino sector, Phys. Rev. Lett. 104 (2010) 141802 [arXiv:0912.4079] [INSPIRE].
[47] Hyper-Kamiokande proto-collaboration, K. Abe et al., Physics potentials with the second
Hyper-Kamiokande detector in Korea, arXiv:1611.06118 [INSPIRE].
[48] A. Cervera et al., Golden measurements at a neutrino factory, Nucl. Phys. B 579 (2000) 17
[Erratum ibid. B 593 (2001) 731] [hep-ph/0002108] [INSPIRE].
[49] M. Freund, P. Huber and M. Lindner, Systematic exploration of the neutrino factory
parameter space including errors and correlations, Nucl. Phys. B 615 (2001) 331
[hep-ph/0105071] [INSPIRE].
[50] E.K. Akhmedov, R. Johansson, M. Lindner, T. Ohlsson and T. Schwetz, Series expansions
for three avor neutrino oscillation probabilities in matter, JHEP 04 (2004) 078
[hep-ph/0402175] [INSPIRE].
[51] S.K. Agarwalla, Y. Kao and T. Takeuchi, Analytical approximation of the neutrino
oscillation matter eects at large 13, JHEP 04 (2014) 047 [arXiv:1302.6773] [INSPIRE].
{ 17 {
J
H
E
P
0
5
(
2
0
1
7
)
1
1
5
[52] M. Ghosh, S. Goswami and S.K. Raut, Implications of CP =  90 towards determining
hierarchy and octant at T2K and T2K-II, Mod. Phys. Lett. A 32 (2017) 1750034
[arXiv:1409.5046] [INSPIRE].
[53] M. Ghosh, P. Ghoshal, S. Goswami, N. Nath and S.K. Raut, New look at the degeneracies in
the neutrino oscillation parameters and their resolution by T2K, NOA and ICAL,
Phys. Rev. D 93 (2016) 013013 [arXiv:1504.06283] [INSPIRE].
[54] M. Ghosh, Reason for T2K to run in dominant neutrino mode for detecting CP-violation,
Phys. Rev. D 93 (2016) 073003 [arXiv:1512.02226] [INSPIRE].
[55] P. Huber, J. Kopp, M. Lindner, M. Rolinec and W. Winter, New features in the simulation
of neutrino oscillation experiments with GLoBES 3.0: General Long Baseline Experiment
Simulator, Comput. Phys. Commun. 177 (2007) 432 [hep-ph/0701187] [INSPIRE].
[56] P. Huber, M. Lindner and W. Winter, Simulation of long-baseline neutrino oscillation
experiments with GLoBES (General Long Baseline Experiment Simulator),
Comput. Phys. Commun. 167 (2005) 195 [hep-ph/0407333] [INSPIRE].
[57] E.A. Paschos and J.Y. Yu, Neutrino interactions in oscillation experiments,
Phys. Rev. D 65 (2002) 033002 [hep-ph/0107261] [INSPIRE].
[58] M.D. Messier, Evidence for neutrino mass from observations of atmospheric neutrinos with
Super-Kamiokande, Ph.D. Thesis, Boston University (1999) [INSPIRE].
[59] T2K collaboration, K. Abe et al., Combined analysis of neutrino and antineutrino
oscillations at T2K, Phys. Rev. Lett. 118 (2017) 151801 [arXiv:1701.00432] [INSPIRE].
[60] NOvA collaboration, P. Adamson et al., Constraints on oscillation parameters from e
appearance and  disappearance in NOvA, arXiv:1703.03328 [INSPIRE].
[61] E. Ciuoli, J. Evslin and X. Zhang, Condence in a neutrino mass hierarchy determination,
JHEP 01 (2014) 095 [arXiv:1305.5150] [INSPIRE].
[62] M. Blennow, P. Coloma, P. Huber and T. Schwetz, Quantifying the sensitivity of oscillation
experiments to the neutrino mass ordering, JHEP 03 (2014) 028 [arXiv:1311.1822]
[INSPIRE].
[63] M. Blennow, On the Bayesian approach to neutrino mass ordering, JHEP 01 (2014) 139
[arXiv:1311.3183] [INSPIRE].
[64] J. Elevant and T. Schwetz, On the determination of the leptonic CP phase,
JHEP 09 (2015) 016 [arXiv:1506.07685] [INSPIRE].
[65] K.N. Abazajian et al., Light sterile neutrinos: a white paper, arXiv:1204.5379 [INSPIRE].
[66] A. Palazzo, Phenomenology of light sterile neutrinos: a brief review,
Mod. Phys. Lett. A 28 (2013) 1330004 [arXiv:1302.1102] [INSPIRE].
[67] S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li and E.M. Zavanin, Light sterile neutrinos,
J. Phys. G 43 (2016) 033001 [arXiv:1507.08204] [INSPIRE].
[68] C. Giunti, Light sterile neutrinos: status and perspectives, Nucl. Phys. B 908 (2016) 336
[arXiv:1512.04758] [INSPIRE].
{ 18 {
